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Abstract
As the resolution of electrical ADCs gets limited at higher sampling rates due to
sampling clock jitter, low-jitter mode-lock laser based photonic ADCs are starting to
gain more attention. As well as low-jitter and high-linearity operation at very high
speeds, photonic ADCs provide the opportunity to de-multiplex electrical signals
to enable the parallel sampling of signals which increases the total sampling speed
dramatically. However, even in photonic systems, a careful optimization between
the degree of de-multiplexing, the optical non-linearities and receiver front-end noise
has to be performed to enable resolution and sampling rate gains to materialize.
Electrical components still constitute the bottleneck for a photonic ADC system.
Photo-detector front-end, which is responsible for the current-voltage transformation
of the samples, is one of the most critical components for the overall linearity, noise
and jitter performance of photonic ADC systems. This work focuses on photo-detector
front-ends and investigates the performance of several structures as well as evaluating
the performance of photonic ADC systems depending on the amount of photo-detector
current. Integrator and trans-impedance amplifier flavors of the front-end circuits are
designed, implemented, simulated and laid out for 6 ENOB and 10 ENOB linearity
and noise performance at 1GS/s. The circuits are implemented on 45 nm SOI process
and integrated with on-chip photonic components which allow on-chip and off-chip
ADC implementations.
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Chapter 1
Introduction
Photonic analog-to-digital-converters have been gaining attention due to the need
for ADCs that can achieve both high-sampling rates and resolutions. State-of-the-art
electrical ADCs are lagging behind the analog-to-digital conversion requirements of
RF signals because of jitter-limited resolution and non-linearity at very-high speed of
operation[4]. The jitter and skew requirements increase dramatically with sampling
speed while the noise requirements get much tougher. On the other, mode-locked
lasers provide optical signals with much lower jitter as a result of the progress in
laser technologies[5]. As a result of this, optical sampling offers low-jitter and low-
skew sampling of high speed signals. However, it is still a challenging task due to
performance requirements on integrated optical and electrical components. Photo-
detector front-end is one of the most critical components due to high linearity, low
noise and low jitter requirements at very high speed of operation[2].
In this thesis, several 10 effective number of bits (ENOB) and 6 ENOB linear
and 1GS/s compatible photo-detector front-ends are proposed and designed. The
front end circuits are implemented with high-linearity output driver stages that en-
able per-channel electronic ADCs to be located off-chip. 6 ENOB front-ends are
designed as TIA and integrator structures, whereas 10 ENOB front-ends are designed
as integrators for two different flavors of photo-detectors. Noise, linearity and speed
performance of different front-end circuits are examined by implementation of differ-
ent structures on the same channel. The simulation results validate the specifications
and functionality of the front-end circuits.
1.1 Background
Today, one of the fastest high-resolution ADCs available in the market, National
Semiconductor ADC12D1800, operates at 1.8 GS/s with 9.4 ENOB. Other available
commercial ADCs with >8 ENOB operate up to 1GS/s. However, the need of sam-
pling very high speed signals with high linearity and low jitter is increasing, and the
performance of state-of-the-art electrical ADCs suffers for these frequencies[4].
Low-jitter and low-skew optical pulses generated by model-locked lasers provide
the opportunity of very high speed optical sampling[5]. Moreover, high speed RF
signals can be mapped on a chirped optical pulse and modulated optical signal can
be demultiplexed into N channels by the help of ring filters. After post processing
demultiplexed signals at a frequency of fR (repetition frequency of mode-locked laser)
and multiplexing the channels back, N x fR sampling frequency can be achieved. For
example, a 20 GHz signal bandwidth can be demultiplexed into 20 channels and
sampled into digital domain by parallel processing of channels at 1 GHz. Removing
the jitter barrier to resolution of ADC, optical ADCs can potentially operate at higher
resolution if linearity and noise are properly mitigated. By leveraging the advantages
of parallel sampling and processing, optical ADCs can achieve very high linearity
while operating at very high speeds.
However, designing the components of optical ADC is still a challenging task.
While discrete versions of optical ADC have been demonstrated [6], fully monolithic
photonic-electronic ADC has not been implemented. The photo-detector and front-
end circuits proposed in this work are integrated in 45nm S01 technology. With a
supply voltage of 1.2V which limits the headroom for analog circuits, achieving 10-
bits-linearity and noise performance at 1GS/s data rate becomes a challenging task.
Short channel and partially depleted floating body effects introduce limitations on
gain and linearity as discussed in Chapter 2.
The rest of the section presents an overview of photonic ADC concepts. Chapter
2 describes the design steps for front-end circuits, their structure and variations as
well as chip-organization. Dynamic and static simulation results of the front-end
circuits are discussed in Chapter 3. The chip layout and layouts of the building
blocks are given in Chapter 4. Finally, Chapter 5 concludes the thesis by discussing
some possible topics for future work.
1.1.1 Electronic Photonic ADC
AD
MLL
Mode- Bandpss Dispersive
Locked filter fiberLaser MZ mrodulator
Figure 1-1: Structure and building blocks of the electronic-photonic ADC[3]
Operation
This section explains the operation of the photonic ADC given in Figure 1-1.
Low-jitter and low-skew pulse train generated by a mode locked laser, which makes
photonic ADCs superior compared to electrical ADCs, is fed to a dispersive fiber.
Dispersive fiber chirps the narrow optical pulses and extends them to the laser rep-
etition period TR. Not only chirped signal becomes wider in time domain, but the
frequency of the light composing the chirped pulse also changes linearly depending on
the time point of chirped optical signal. Mach-Zehnder (MZ) modulator amplitude-
modulates chirped pulse train with the RF signal, imprinting the values of the RF
signals at different points in time to the optical chirped signal. Different time points
on the modulated signal also correspond to different light frequency due to chirping
by dispersive fiber. Filter banks (ring filters) filter out a frequency-band on the opti-
cal signal which corresponds to a specific RF time-band and carries the corresponding
RF signal amplitude information. Therefore, filter banks perform the sampling and
demultiplexing operation on the RF signal. The demultiplexed optical pulses are cou-
pled to a photo-detector in order to converted them into current. A photo-detector
front-end, which is the subject of this thesis, converts this high speed current into volt-
age with low-noise and high-linearity. The front-end is one of the critical constraints
for the whole system due to high-linearity, high-speed and low noise requirements
which get tougher with off-chip implementation of the system due to pad parasitic
capacitances. Linearity of the front-end circuit depends on the linearity performance
of both amplifier stage and output driver. Because of the parasitic pad capacitance,
output driver constitutes the bottleneck for the overall linearity. Finally, an electrical
ADC converts analog samples into digital samples[3].
Theoretical Analysis
In this section the theoretical analysis[7] of optical ADC is conducted. Mode
locked laser generates pulses which are represented by Easer(w). The output of
dispersive fiber is
Efibcr(w) = Easer(w)ei 2( ef (1.1)
where L is the length of fiber, #2 is the second order dispersion coefficient and Wref
is zero group delay frequency.
Hence, the outputs of the MZ modulator in the system are given by
eAO zC) fibc,(t).vMUz 0
etz (tw )=e1e(t ).v doz"
,where
v'pz(t) = sin(7r/4 + v(t))
Voz"(t) = cos(7r/4 + v(t))
and V(t) is the RF input to MZ modulator. As seen from these equations, MZ
modulator amplitude modulates optical input signals with sinusoidal signals whose
phase linearly depends on RF input. In frequency domain, it is represented by the
following convolution
Euz(w) = f Efiber(W -
= f Easer(w - w')e 2 VwzWV (w')dw' (1.2)
Since the chirped laser has much wider frequency spectrum than modulating signal,
expression (1.2) can be simplified to
EuZ (w) ~ Elaser (w) Je 2L (WzWWf) 2  (w')dw'
= Elaser (w) e 2  ) Vz (w')dw'
SElaser (w)e 
X VIzp(w')e e3L(W ei0Lw, -wdw' (1.3)
if we define
V ff(w) = VNzP()e
then expression (1.3) becomes
Ez(w) ~ Elaser (W)C 2 \ f2
x f- (w)eL(wref-w)w'dw' (1.4)
The integral in expression 1.4 is the inverse Fourier transform of VeJf (w). There-
fore,
E Ez (w) Elaser w )ei ""'' Vef) (02L(w - wref))
If T(w - w,) is defined as the transfer function of the n-th filter,
(1.5 )
E",ter,n (w) = Eu z(w) xT (w -wn)
= 2Le(WWf) 2
= EiaserM~e 2
x T(w - wn)V/"u5 (/2L(w - Wref)) (1.6)
Given that filter bandwidth is much narrower than the laser bandwidth, output of
the filter bank is
WUP i 111L (W-We2 f)2
-filtern (W) =Elaser (Wn) C T(w- Wn)'/rupeff ( 32L(w - Wref)) (1.7)
The output of filter banks are detected by photo-detectors and their output is
converted into voltage by the front-end circuits. The output of a front-end circuit
can be expressed as in expression 1.8 where Rd is the photo-detector sensitivity and
Rf is front-end circuit Iin - V0u gain.
-tj
V DPC(tn) = Ra R5 1
If cross-talk is avoided expression (1.8) can be written as
VADc(tfn) = RdRf e5 ,(t)p2dtefiltern() d
By applying Parseval's theorem, this can be rewritten as
VZC(tn) RdRf J
Substituting the signal spectrum and dropping constant factor RdRI
T(w - Wn)V'up (/3L(w -Wref) d
e5ie,, (t)1 dt (1.8)
(1.9)
(1.10)|E5" ilte,n w|dw
VADC(tn) ~_ |Elaser (wn)|up2 (1.11)
Using the time frequency relation, wm = Wref +tn/(#2 L) and introducing t'= 2L(w-
Wref), it can be rewritten as
~ |Elaser(Wn)| 2 ]
~ Eiaser(Wn)|12
I1up (t')| 2 T(- dt
yrff'"(t') |2 T(t' -2 ) 2 dt (1.12)
Given these expressions, the recovery of the signal can be obtained by
1
VADC(tn) = -asmn2
VSDc(tn)
VADC(tn) (1.13)
which is performed during the post-processing of sampled and digitized signals.
Noise Analysis
For a photo-detector and front-end system, electrical noise generated by the system
has to be smaller than quantization and shot noise. If Ieak is the peak current value
of the maximum sample size then the shot noise of the photo-detector is given by
'D= 22qIpeak/Af.
Front-end noise can be assumed to be 4 times the photo-detector noise. Hence,
total noise should be 210qIpeakAf. Quantization noise of the system is given by
r 2qn
1
= LSB
1 Ipeak
, -2 2N
For 6 ENOB photonic ADC at 1GHz, the required Ieak is
V DPc(tn)
VI"'c" (tn)
- V &'c"(t n)
+ Vd ow(tn )
2110l1.6x10-1
2 10qIpea
V
1 peak
1 Ipeak
'peak 1Y212 126
peak 26 iYh_, '10 X 1.6x10- 19 x 109
8.87 x 10- 3
Ipeak = 78.75uA
Approximated 6 ENOB front-end circuit noise is 2 8 qIpeakAf = 0.317uA.
For 10 ENOB photonic ADC at 1GHz, the required Ipeak is
210qlpeakAf
/10 x 1.6x10-1 9 x 109 'Vpeak
'peak
Ipeak
1 Ipeak
(1- 2N
1 Ipeak
QY- 210
= 210 i2Y10 x 1.6x10- 19 x 109
= 141.8 x 10-3
= 20.25mA
Approximated 10 ENOB front-end circuit noise is 2 8qIpeakAf = 5.09uA.
1.1.2 Front-End
Front-End Specifications
Front-end circuits are indicated by the red rectangle in Figure 1-2. As explained
earlier, the front-end converts photo-detector current into voltage and prepares the
analog samples to be converted into digital domain.
In order to meet the overall system requirements, the photo detector and front-end
have to be highly linear[8]. Front-end circuits are designed for both 10 ENOB and 6
ENOB linear optical ADC systems. For 6 ENOB optical ADC, both integrator and
(1.14)
DFigure 1-2: Front-End Circuits in the Electric-Photonic ADC
TIA flavors of front-end circuits are designed in order to compare speed, noise and
linearity performance. The 6 ENOB linear front-end requires peak photo detector
current of 78.75 uA, while the 10 ENOB linear front-end requires 20.25 mA peak
photo detector current as calculated in the noise analysis section. According to the
optical pulse shape given in Figure 1-3, 78.75 uA peak current approximately corre-
sponds to 0.788 uA average current and 20.25 mA approximately corresponds to 202
uA average current. Repetition rate of the optical pulse is 1GHz which is determined
according to demultiplexing ratio and sampling speed.
Imax.
20ps 980ps
Figure 1-3: Current pulse at the input of front-end circuits
The front-end should be able to drive 100 ohms differential transmission line and
200 fF parasitic pad capacitance in order to be able to implement off-chip photonic
ADC system.
Peak input current 78.75 uA
Average input current 0.788 uA
Input current pulse width 20ps
Linearity 6 ENOB
Noise 6 ENOB
Speed 1GS/s
Supply Voltage 1.2V
Input capacitance 200fF
Output capacitance 200fF
Output load 100 Ohms
Table 1.1: 6 ENOB front-end specifications
Peak input current 20.25 mA
Average input current 202 uA
Input current pulse width 20ps
Linearity 10 ENOB
Noise 10 ENOB
Speed 1GS/s
Supply Voltage 1.2V
Input capacitance 200fF
Output capacitance 200fF
Output load 100 Ohms
Table 1.2: 10 ENOB front-end specifications
1.2 Motivation
Photonic ADCs provide the opportunity to sample very high speed electrical sig-
nals with high-linearity, low-noise and low-jitter. Although implementation and inte-
gration of optical components constitute one of the main challenges of designing an
optical ADC, electrical photo-detector front-ends cause the performance bottleneck
for the whole system due to limited linearity and noise performance at very high speed
of operation. In this thesis, several photo-detector front-ends are designed, simulated
and implemented to compare the performance of different structures. This work
enables the implementation and integration of on-chip and off-chip optical analog-to-
digital converters which integrates optical and electrical components together.
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Chapter 2
Design
2.1 Process Characterization
The circuits in this work are implemented on 45nm partially-depleted(PD), silicon-
on-insulator(SOI) process. PD SOI process is preferred for very high speed applica-
tions due to low junction capacitance and resulting increase in speed. SOI is also a
preferred process option for monolithic photonic integration. However, the threshold
voltages of the transistors are not stable because of the floating body. Bias conditions,
biasing history, and generation and recombination can affect the threshold voltage.
The floating body introduces a kink in the I-V characteristics which decreases thresh-
old voltage (VT) for high drain-to-source voltages[9]. As shown in the Figure 2-1, a
parasitic BJT exists for an NMOS PD SOI which can be activated by accumulated
charge in floating body due to leakage. The triggering of the BJT causes a current
flow from drain to source and causes the kink in the I-V characteristics which is one
of the dominant reasons of non-linearity[10]. Hence, body connected transistors are
preferred for the circuits in this thesis although they have area and speed disadvan-
tages.
Figure 2-1: Effect of Floating Body
2.1.1 Linearity
Since the overall linearity of the circuits is expected to be as high as 10 ENOB,
the transistors have to biased accordingly for linear operation. One important ob-
servation for the transistors in this process would be the minimum drain-to-source
voltage(VDs) required in order to assure saturation with a constant output resistance.
For VGS = 0.5V, the minimum adequate VDS is 0.3V. Due to 1.2V supply voltage,
this requirement decreases the headroom and prevents from cascoding for higher gain
per stage.
Another important degree of freedom for the linear operation in terms of biasing is
VGS. VGS = 0.5V assures a linear VGS region as well as a strong-inversion. Therefore,
gate-to-source voltage(VGs) of the transistors in this work is set to 0.5V.
2.1.2 Device Frequency, Trans-conductance and Intrinsic Gain
Using long channel device models for designing circuits with short-channel tran-
sistors causes significant differences between calculated and simulated results for AC
and DC response of the circuits[11]. This inconsistency between calculation and
simulation decreases the opportunity to conduct hand calculations for optimization.
Moreover, the extraction of the parameters for hand calculation becomes a hurdle for
circuit design. Therefore, the circuits in this work are designed by tracking the simu-
lation results of the transistor characteristics. This method[12] simplifies the circuit
design and optimization for short-channel devices while providing consistent results
with simulations. The three required characterization parameters for a transistor are
intrinsic gain per unity width (g), trans-conductance(gmro) and maximum device
frequency(ft) where
ft= gM27r(CGS + CGD)
56 nm, 112 nm and 232 nm gate length transistors are simulated for gm, r, and
OGS + CGD with respect to drain current per unity width(d ). These simulations
are used to design the operational amplifier (OPAMP) as explained in the following
section.
2.2 Design Methodology
As seen in Figure 2-2, the chip is designed to allow off-chip implementation of
photonic ADCs as well as integrated photonic ADC configuration. Therefore, the par-
asitic capacitance introduced by pad and photo-detector increases the performance
requirement on the front-end circuits dramatically. As given in the figure, the front-
end circuit is composed of amplifier unit, output driver and feedback components.
Due to the parasitic capacitance introduced by pads, linearity of output driver be-
comes a critical issue. Therefore, proper feedback and compensation schemes are
required to match the design specifications.
Front-end Circuit
feedback
pad
iSMA
.mlfe Output Zo ElectricalAmplifier Driver ADC
PD
Figure 2-2: System structure of the front-end chip
The combination of amplifier and output driver in this design is defined as operational-
amplifier (OPAMP). Since the speed requirement on OPAMP is very critical for the
overall speed of the system, unity-gain frequency of the OPAMP has to be maximized.
As observed from the characterization figures, minimum length transistor (L=56 nm)
offers the maximum device speed. Therefore, 56 nm gate length transistors are pre-
ferred for the circuits in this work.
The device frequency of 56nm transistors saturates beyond 5 = 100A m. Since
decreasing returns to scale for device frequency are observed, m = 100A m is chosen
as bias point. At this point, the approximate operating point offered by 56 nm, 112
nm and 232 nm transistors are given by Tables 2.2, 2.2 and 2.2 respectively.
Since the 150 GHz maximum device frequency introduces phase shift at frequencies
ft 150GHz
gmro 12
900
Table 2.1: Operating Points for L=56 nm Transistors
ft 65GHz
9mro 22
750
Table 2.2: Operating Points for L=112 nm Transistors
higher than 15 GHz (one tenth of the parasitic poles), the unity gain frequency of
OPAMP can be at most 15 GHz.
2.2.1 OPAMP Design
Due to voltage headroom limitations caused by low supply voltage and saturation
voltage requirement, cascoded designs are not suitable to be utilized in this design.
As stated earlier, 0.3V VDS voltage is required for a constant output resistance in
saturation region which guarantees high linearity. Therefore, having more than 3
stacked transistors wipes-out the signal headroom. Moreover, short-channel effects
dramatically decrease output resistance. As a result, gain per stage is not sufficient for
required DC gain of the OPAMP. As seen from the characterization curves, intrinsic
gain of the body connected, 56 nm gate length NMOS transistor is as low as 18.
This leads to the requirement of using more than two stages for OPAMP design.
However, practical considerations for the implementation of n-stage amplifiers are
questionable since the power consumption increases dramatically and circuits get
much more complicated due to stability issues[13]. To keep number of stages as
ft 25GHz
gmro 20
9_ 520
Table 2.3: Operating Points for L=232 nm Transistors
low as possible, three stage amplifier(including driver stage) is preferred in this work.
Compensation of the OPAMP is critical for the stability and linearity of the front-end
circuit with feedback. The compensation scheme for the 3-stage operational amplifier
in this work is given in Figure 2-3.
cc
inn
inp
cc
Figure 2-3: Compensation Scheme for the Three Stage OPAMP
The last stage of this amplifier is designed to be the output driver. As seen in
Figure 2-4, it is terminated by resistors in order to match 100 ohms differential output
resistance. Strength of this stage is critical in order to be able to drive pad parasitic
capacitance. The pair transistors are designed to be very large in order to conduct
a large amount of current. Therefore, this block constitutes a load for the previous
blocks which determines the sizing of the amplifier stages.
Figure 2-5 is the schematics of the first two stages of the OPAMP, which are the
amplifier stages. In the figure, first block is a differential amplifier and it is followed
by a common source amplifier. The feedback capacitor and zero introducing resistor
is implemented between the input and output of the second stage. The replica of two-
VSS
Figure 2-4: Amplifier and Driver stages of the OPAMP
stage amplifier is used in order to convert single-ended input to differential output.
The design steps of the amplifier block can be summarized as follows:
Figure 2-5: Amplifier stages of the OPAMP
Firstly, output stage is sized in order to have enough driving strength to drive the
pad capacitance. Considering the loading effect of driver stage, amplifier stages can
be designed by the small signal model which is given in Figure 2-6.
The poles of the system are
1
Pi Ro1 (gm5 Ro2 )Cc
31
Rz C,
Vin 9m1*V} Roi V, C1 9msi R02 CdrIver R1 V0u
Figure 2-6: Small signal model of amplifier stages
and
_ 9m5
Cdriver
and zero is
1
Since p1 is the dominant pole, unity gain freq is
1
w A * p1 = (1Ro1)m(-g95(Ro2||RT))
Ro1 (9g5 ( Ro2||IRT)) Ce
cc
To make 450 phase margin sure, P2 must be equal to unity gain frequency. There-
fore, C9 wi. Since wi and Cdrive, are known due to device frequency and driver
size, 9 m5 can be calculated. Therefore, width of second stage amplifier can be deter-
mined (W = -) using the operating point values given in Table 2.2.
The advantage of introducing a zero by the help of R, is the opportunity of having
a left-hand-plane-zero (LHPZ) by adjusting Ce and R,. This method can be utilized
to cancel out P2 which increases phase margin. Since, Cc and Rc can be determined
by the location of zero. Finally, gmi is determined using
9ml
Wi 
--
which gives the required sizing as it is calculated for gm5.
This methodology provides an accurate design of amplifier stage with respect to
simulation parameters extracted in Chapter 2.
Biasing of the OPAMP
Biasing of the operational amplifier is done by the circuit in Figure 2-7. This
circuits is shared by two adjacent front-ends in order to save area and power. This is
the reason why left and right hand sides of this figure are identical. Biasing is done by
the currents since the distribution of the currents is easier, less vulnerable to the wiring
resistances, and coupling of noise. Also, having biasing transistors close to each other
prevents the effects of process variations. In this circuit, Idiff is the biasing current for
differential amplifiers; I1 is the biasing current for the second stage, common source
amplifiers; and 12 is for the replica one. Id is the biasing current for the output driver,
the current mirror for output stage is tied to high supply voltage (HVDD) since the
output driver requires a higher supply voltage in order to have enough headroom.
Sleep signal activates or deactivates the bias circuit and hence, the front-end.
When it is set to VSS, it turns the PMOS on and charges the gate to HVDD which
turns the biasing network off. It contributes to power saving, but more importantly
pad sharing between adjacent front-ends that helps saving area as it will be explained
in the Chip Organization section.
Reference current (Iref) in this biasing circuit equals to R and is independent of
supply voltage. The starter resistor (Rstart) is used in order to turn on the biasing
circuit from dead initial condition where the voltage of the node Rstart is connected
is VSS and all transistors are off.
Voltage Level Shifter
The cross coupled level shifter is used in order to convert digital signals at VSS-
to-VDD to VSS-to-HVDD. As seen from the schematics, this is a cross coupled pair
loaded by inverters. Inverters make sure that the loading capacitance of the cross
coupled pair is same so that the decision is made right. The voltage level of the
output of the loading inverters is between VSS-to-HVDD. This circuit is used in
vss
Figure 2-7: Biasing Circuit
order to control sleep signal for the bias generator with scan-in signals which are at
VSS-to-VDD level.
HVDD
outn outp
VSS
Figure 2-8: Voltage Level Shifter
2.2.2 Noise, PSRR, and Driving Strength of the OPAMP
Noise
For a transistor in saturation, main sources of noise are thermal noise, flicker
noise and gate noise. Flicker noise, which is also known as -1 noise, is dominant atf
low frequencies. whereas thermal noise, generated by random motion of electrons in
an electrical channel, is spread to frequency domain. Therefore, thermal noise and
gate noise dominate the total noise at very high frequencies[14]. So, thermal noise
and gate noise are assumed to be the only noise sources in the noise analysis of the
operational amplifier designed in this work.
For a CMOS transistor, noise can be modeled as in Figure 2-9. The input referred
noise is represented as voltage and current sources which are governed by the following
equations[14]:
Figure 2-9: Equivalent Noise Sources of a Transistor
V2
eq
J2
eq
8kT
3gm
-
2qIgLf +w 2 (CGS + A * CGD 2
where,
k Boltzmann's constant
T Temperature(K)
Af Bandwidth
q Electron charge
w Frequency(rad)
A The gain of the transistor
CGS Gate-to-source capacitance
CGD Gate-to-drain capacitance
For a low noise operational amplifier, first stage dominates the total noise[14].
Hence, only the noise contribution of the first stage is taken into consideration. For
the noise analysis, voltage and current noise sources are considered separately for the
easiness of the analysis and they are assumed to be independent. Considering the
equivalent voltage noise of the transistors given in Figure 2-9, differential pair can
be represented as in Figure 2-10. In this circuit, the noise at the output is given by
equation 2.1 . Since gm andV are the same for the NMOS and PMOS pairs, it can
be simplified as in the equation.
Q = gg (Vei, + 2) + g2nn ys
g;21 (2 + V2 2 ±gV2 + V24
= 2g2V2 + 2g /2q (2.1)
If the equivalent current noise at the output is known, it can be represented as a
voltage noise source at the input side. Equation 2.2 gives the equivalent voltage noise
at the input due to equivalent voltage noises of transistors.
i2V72 
-0
9M,
2
2V2 +2 V3V2 (2.2)eqj 2 eq3(2)
9M,
Figure 2-11 is the noise circuit for equivalent current source of transistors. As
CGS L 7Y M1 M2 i v
CGD
V2 V 2
M3 +M4
VSS
Figure 2-10: Equivalent Voltage Noise Representation for the OPAMP
seen in this circuit, M1 and M2 directly contribute to the current noise whereas
contribution of M3 and M4 has to be expressed in terms of the input referred current
noise. The equivalent input referred current noise is given by the following equation.
I2 - 2PI2q1 + W2 (CGS, + AxCGD1)2 2 2m eq 2 213gmi
IIII
VSS
Figure 2-11: Equivalent Current Noise Representation for the OPAMP
gM1  4x10- 3 A/V
gm3  4.5x10- 3 A/V
W 2wx10 9 Hz
Ii 50nA
Ig3 45nA
(CGS1 + AxCGD1) 10 fF
(CGs, + AxCGD3 ) 9 fF
Table 2.4: Operating point parameters regarding noise calculation
For the OPAMP designed in this work, the operating point parameters regarding
the noise calculation are as in Table 2.4:
Hence, the equivalent input referred current noise and voltage noise for the oper-
ational amplifier can be calculated as follows
V 2eq3
V 2eqOPAMP
I2
eqOPAMP
8kT
3x4.5x10- 3
= 3.85x10-9(V 2 )
8kT
3x4x10 3
= 4.33x10-9(V 2 )
2qx50x10 9Af + W2 (10X10- 15)23.8510-9
1.52x10- 17 (A2)
= 2qx45x10-9Af + W2 (9x10- 15 )24.33x10-9
1.38x10- 7(A2)
0.00452
23.85x10- 9 + 2 4.33x10-90.0042
= 0.187x10-9(V 2 )
21.52x10- 17 + W2(X1 21.38x10-17
= 3.04x10- 17(A2 )
Power Supply Rejection
Since parasitic gate-to-source and gate-to-drain capacitance in Figure 2-12 behave
as very low impedance paths at very high speeds, power supply noise can couple to
signal path. As seen from the figure, if the capacitors are considered as short-circuits,
the power supply noise couples to the drain voltage of the current mirror, and hence
to the summing node of differential amplifier. One way of eliminating this effect is
to use cascoded transistor in order to increase the drain resistance (1) of the diode
connected current mirror. However, cascoded transistors cannot be implemented in
this work due to the 1.2V supply voltage and headroom limitations as discussed
before. Hence, a detailed noise coupling analysis is required for the circuit.
For the circuit given in Figure 2-12, gate capacitors behave as short circuits at
very high frequencies. Hence, the noise coupling at the drain of diode connected
transistor is
VDD
Vbias4 [M7
M1 M2
M5
3M4 MVbias
VSS
Figure 2-12: Schematic of Power Supply Rejection Representation
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The equivalent noise voltage at the output of second stage is given by
1
-gm5(To5| |To8) 2 9m4To7
(ro5708) 1
-0 (r 5 + ro8) 2 9m4To7
Cgs
Cgd
VDD
VPs,1
The power supply coupling at the second stage is given by
VPS,2 = o
ro5 - ro8
Therefore, the total power supply noise coupling at the output of the second stage
is
VPS = VPS,l + VPS,2
(T5 + r08) 1To5
-
9
m5 (ro5ro80) 2gm4To7 ro5 + ro8
r0 5  gm5ro8(1 -)
ro5 + To8 2 9m4ro7
If the trans-conductance and output resistance is expressed in terms of biasing
currents,
To8 IDS7
ro7  IDS8
9m5 IDS5 IDS5
2g,4 2 1 DS4 IDS7
and
gm5ro8 _ IDS5 (2.3)
2 gm4ro7 IDS8
If IDs5 - 1 is satisfied while designing the OPAMP then 1 - gm5oS = 0 and power
IDS8 
2
gm4ro7
supply noise is completely rejected. However, power supply coupling will be observed
due to device mismatches even though this constraint is met. Power supply coupling
at the third stage is not important because noise couples to positive and negative
outputs by the same magnitude and differential power supply coupling is roughly
canceled. Since the input current pulse is very narrow and has very high speed
components, the power rail is not very clean. Therefore, the OPAMP in this work is
designed with respect to the power supply rejection constraints.
Noise coupling due to biasing circuits and network is another very important
source of noise coupling. The bias distribution network needs to be isolated from
noisy wires while laying out the design. Also, supply independent voltage reference
is required in order to isolate biasing voltage from supply noise. In this work, the
reference current at biasing circuit is 1, and isolated from power supply noise as
discussed earlier.
Slew Rate
The maximum amount of current the
limited to the tail current. So, the voltage
IMAXdt
third stage (driver stage) can provide is
on the capacitor is
Ibias
CPAD
Assuming that output is a sinusoidal with V0st = Asin(wt),
dva
|dt 1required= wA
Hence, > wA should be satisfied in order to prevent distortion due to slew rate.
So, the maximum non-distorted sinusoidal signal frequency is:
'bias
S CPAD x A x 27
20.5mA
lpF x 0.2V x 27
< 16.3GHz
This maximum frequency covers the maximum frequency of the output voltage in
this work and guarantees the linearity.
2.3 TIA Design
2.3.1 Structure
The trans-impedance amplifier structure is given in Figure 2-13. The resistor
provides the negative feedback as well as current-to-voltage conversion. Feedback
resistor improves the overall linearity of the front-end as well. Although increasing
the feedback resistance increases the Is - Vet gain of the system, it decreases the
open loop gain and hence linearity as well as decreasing the bandwidth of the front-
end due to photo detector parasitic capacitance. Therefore, the maximum value of
the feedback resistor is limited by open loop gain and band width of of the front
end. Decreasing the feedback resistance increases linearity and bandwidth whereas
the thermal noise generated by the resistor(P =2 Af) increases. Hence, feedback
resistance is the most critical parameter for the performance of the TIA front-end.
When a current pulse is applied, it is converted into voltage by the feedback
resistor. So, the output has the approximate shape of the input which is low pass
filtered according to the bandwidth of the front-end. The samples need to be detected
at the maximum amplitude with precise timing. The details of the operation of TIA
will be discussed in detail in Chapter 3.
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Figure 2-13: Structure of the TIA front-end
2.3.2 Ii, - Vt Gain of TIA
If I is the amount of current applied to the input of the trans-impedance-amplifier
then
Vout - Vin
Rfeedback
RfeedbackI
vout Vin
=
Since Vo0 t = -AVin where A is the voltage gain of the OPAMP, feedback resistance
can be expressed as follows:
Rfeedback 
-
Vout + A
I
A + 1 Vout
A I
Therefore the resistive gain (RTIA = ot) of the TIA is
A
RTIA A + 1 Rfeedback.
In low speed applications where A is very high and RTIA ~ Rfeedback, A is not large
enough at very high speeds which results in the difference of Ij, - Vut and feedback
resistor. For the TIA designed in this work,
A
RTIA A + 1 Rfeedback
= 483Q
2.3.3 Bandwidth
Input capacitance of the TIA front-end results in the most dominant pole of the
system since it includes the photo-detector parasitic capacitance, which is on the
order of hundred fF. Therefore, equivalent input resistance of the front end (RinTIA)
has critical importance.
Vout -Vin = RfeedbackI
Rfeedback --
-AVn -Vn
- -(A+1) *
I
Ri Vi - Rfeedbackin1^ I A + 1
Therefore the dominant pole of the system is
1
2
,JCPDRinTIA
A + 1
2 7TCPDRfeedback
For the front end in this design,
30 + 1
27r200x10- 15 500
= 49.3GHz.
2.3.4 Noise
The noise in this structure is composed of operational amplifier noise and thermal
noise of the feedback resistance. The thermal noise of the feedback resistor is given
by
J2 =4kT
re9 Rf eedback
As discussed earlier, OPAMP noise can be modeled as equivalent current and voltage
noises. While I24PA, can be directly added to the current noise, the voltage noise
V2 , needs to be converted into current noise. Because the equivalent resistance
at the input node is RinTIA jW*PD' the total noise due to the front-end is given by:
2
4kT RinTIA + 1 2
_ ________ +A f2 + V2 jX
'ot - ~ f+eq+ eq X 1Rfeedback in TIAxjwxCPD
4kT _ Af + V2 jWXCPDRinTIA + 1 2
Rfeedback + eq RinTIA
5.31x10 14 (A2 )
= 231uA
The calculated noise of the TIA front-end is smaller than the approximated value
calculated in Chapter 1 and 6 ENOB noise criteria is satisfied with the front-end
designed in this work.
2.4 Integrator Design
2.4.1 Clock Feed-Through and Charge Injection
Analog switches are the basic building blocks of switching circuits. At very high
frequencies and for sharp edges, gate-to-source and gate-to-drain parasitic capacitance
behave as low impedance paths and clock signals which are controlling the analog
switches are coupled to signal paths. Another important effect, charge injection,
is observed when the transistors are turned on or off. The charge in the channel is
injected to circuit nodes, or the charge at the circuit nodes is withdrawn, as illustrated
in Figure 2-14. These effects can completely damage the functionality of the analog
circuits. Therefore, detailed sizing and timing of the analog switches are required for
proper functionality.
1/2 q ch 1/2 qCh
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Figure 2-14: Charge Injection and Clock Feedthrough
2.4.2 Structure of the Integrator
The structure of the integrator designed in this work is given in Figure 2-15. The
structure is a modified switched capacitor voltage sampling circuit[12]. The capacitor
(Cf) is used as an integrator and feedback depending on the operating phase of the
system. Two switching transistors are sized the same so that the charge injection and
clock feed-through effect of one transistor can be eliminated by the other transistor.
The following section describes the operation of the integrator in detail as well as the
charge injection and clock feed-through cancellation.
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Figure 2-15: Structure of Integrator Front-end Circuit
2.4.3 Operation
The integrator based front-end circuit in this design has three operating phases
which are charging, storing and resetting. Despite the operation principle of TIA
based front-end, integrator is a clock controlled circuit and analog samples can be
obtained at certain periods. The integrator is in charging phase when SW2 is on and
SWI is off. During this phase, the input current is integrated over the capacitor. One
side of the cap is fed by photo-detector and the other side, which is a virtual AC
ground, fed by the output stage. Configuring OPAMP with unity feedback allows
the circuit to be able to handle high peak currents and increases linearity. Because
current is integrated over a capacitor, linearity of this operation is very high.
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Figure 2-16: Integrator Front-end During Charging Phase
After the current is integrated over the capacitor, the integrator goes into store
mode where photo detector is not active and detection of the voltage level is allowed.
This is the longest time period in an operation window and, is provided by turning
SW2 off and SWI on which configures the circuit as shown in the Figure 2-17. As seen
from this figure, the capacitor is tied between the input and output of the integrator,
and it holds the voltage level with the help of feedback configuration. As discussed
earlier, turning analog switches on and off at very high speed causes charge injection
and clock feed-through problems which will completely deteriorate the functionality
of the integrator during store period where the output voltage is sensed. However,
this effect is eliminated in this configuration. Firstly, SW2 is turned off after the
charging phase which injects charge and feeds the negative transition of the clock to
the output node. Then, SW1 is turned on which withdraws the injected charge from
the output node and feeds the positive transition of the clock to the output node. As
a result, charge injection and clock feed-through is canceled for the store phase.
SW1
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Figure 2-17: Integrator Front-end During Storing Phase
The final phase in an operating period is the reset phase. During this phase,
SW2 is turned on while keeping SWI on so that the stored voltage sample is reset
and the circuit is set ready for the next I-V conversion. Charge injection and clock-
feed through are not important for this mode because all the internal nodes and the
capacitor are reset to the initial values. The configuration of the circuit is shown in
Figure 2-18.
2.4.4 Gain
When the integrator is in the charging phase, the feedback capacitor is used to
integrate input current. One port of the capacitor is used as the input and the other
SW1
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Figure 2-18: Integrator Front-end During Reset Phase
port is tied to AC ground. Hence, the AC voltage after the charging period is given
by
AVIN
Cf
IpeakLAteff
Cf
When the integrator is set in store mode where the capacitor is tied between the
input and the output, the output voltage is
~ Vout - in
1
Vott - Vout
-A
A
= AVIN
A+1
Hence, the gain is given by
AVIN
Vout
A
Vout A+ AVIN
A peak Ateff
A+1 C
VoutA Ateff
Rintegrator =pa= A + 1 Cf
Ipeak A+1 C5
- 483Q
2.4.5 Noise
Operational amplifier is the only source of noise in the integrator front-end. Equiv-
alent current noise of the OPAMP(I2p,,p) can be directly added to the current noise
whereas the equivalent voltage noise (VeqOPAMP) needs to be converted into current
noise. Hence, the total current noise at this node is given by
I2 =Tq+ 22[(A +1)CINT + CPD ]2
= 1.07x10- 1 4 (A 2 )
Io 0.103uA (2.4)
As seen from the result, noise of the integrator front-end is smaller than the
approximated value calculated in noise analysis section in Chapter 1. Hence, the
integrator front-end designed in this work satisfies the noise criterion of the overall
system.
2.5 The 6 ENOB Front-end Implementation
The structure of the 6 ENOB front-end implementation is given in Figure 2-19.
As seen in this figure, the same photo detector is connected to two different flavors
of front-end circuits, which are the TIA and the integrator. Circuit configuration can
TIA TIA signal is set to high, ClkI and Clk2 are set to 0
Integrator TIA signal is set to low
Table 2.5: 6 ENOB Front-end Configuration Signals
be explained as follows:
When the TIA signal is on, the resistive feedback is connected between input and
output. Clocks are kept at VSS and hence, the circuit is configured as TIA front-end
and the integrator capacitor is floating at the input side inactive. When TIA signal is
off, resistive feedback is disconnected from output. Clocks are fed as required for the
proper operation of the integrator. So, the front end is configured as an integrator.
SW1Vdiode
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Figure 2-19: 6 ENOB Front-end Circuit
2.6 The 10 ENOB Front-end Implementation
The 10-bit implementation of the front-end is given in Figure 2-20. As seen
in this figure, the input current can be provided by two different types of photo-
detectors which is required in order to test the performance of different photo-detector
structures.
The TIA type front-end cannot be implemented for 10 ENOB because the required
peak current is very high and corresponding feedback resistance is very low, which
increases the thermal noise caused by resistance. Another very important limitation
is the size of analog switches required. For the proper operation of TIA, switching
resistance must be much smaller compared to feedback resistance. Since the feedback
resistance is very low, the switch size must be very large in order to get much lower
resistance compared to the feedback resistance.
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Figure 2-20: 10 ENOB Front-end Circuit
2.7 Chip Organization
In this work, two optical ADC front-ends, which are 6 ENOB and 10 ENOB are
implemented. Each of optical ADC has four channels and two complementary signals
per channel. Therefore, eight photo detector front-end circuits are implemented on
the chip.
As seen in Figure 2-21, 6 and 10 ENOB front-end circuits share the same output
pads in order to be able to implement circuits in a small area. Depending on the
configuration, 6 or 10 ENOB front-ends are enabled one at a time or they are disabled
together in order to decrease power consumption. Sleep signals are used in order to
disable circuits as discussed earlier.
Circuits are configured with scan-in data which control photo-detector/front-end
type and active/inactive front-ends. The signals are driven by powerful buffers in
order to be able to handle wiring capacitance. Since VSS-to-HVDD voltage levels are
required for sleep signal, level shifter circuit is used as shown in Figure 2-21, which
converts VSS-to-VDD scan-in signals into VSS-to-HVDD sleep signals.
The ninth pair of 6 and 10 ENOB front-end circuits is for the electrical testing
purposes. Inputs are directly tied to pads, and one input of 10 ENOB front-end is tied
to a vertically coupled photo detector. As a result, circuits can be tested electrically
or by simple photonic test setup. During electrical testing, all other front-ends can
be turned off with the help of sleep signals, which decreases power consumption.
As indicated in the chip organization figure, photo-detectors have dedicated power
rail in order to guarantee reverse biasing.
Figure 2-21: Schematic of the chip organization
55
56
Chapter 3
Simulation
Front-ends designed in this work are simulated for their static and dynamic per-
formance.
3.1 Static Simulation
Static simulations are performed on the front-end circuits in order to characterize
their Iin - V0st response and input-output limitations. For the static simulation,
front-end circuits are simulated with constant peak amplitude impulse train where
peak amplitude is swept with parametric analysis for an expected range of values. By
sampling the output of the front end circuits at certain times as explained in Chapter
2, Ian - Vst characteristics of the front-end circuits can be extracted. A straight line
fit to Ii, - V0o1t data with least squares method provides the maximum deviation from
the actual data points (Almax) that gives the linearity (ENOB) with respect to
AIa = Ipeak
max 2 ENOB
Linearity versus differential output voltage graph is obtained by iteratively limiting
the peak amplitude of pulse train in the calculation which changes the curve fitting
and hence, linearity. Figure 3-1 shows the maximum differential output voltage for
the required linearity of the front-end circuits. As seen from this graph, 10 ENOB
integrator can work up to Vst,,, = 0.13V whereas 6 ENOB TIA and integrator can
function up to V0st,,, = 0.3V. Static simulation is very critical to observe the output
limitations of the front-ends for required linearity.
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Figure 3-1: ENOB Linearity vs Maximum Input Current
3.2 Dynamic Simulation
Front-end circuits are simulated for their actual performance with integrated opti-
cal system. An electrical signal sampled with optical pulses is fed to photo-detectors
and converted into voltage samples by front-end circuits. The maximum output volt-
age is determined with static simulation results as given in Figure 3-1. A sinusoidal
electrical signal at 10MHz is used as the sampled signal.
Since the photonic part of the system is modeled in Matlab, Matlab-Cadence co-
simulation setup is required in order to simulate the actual front-end performance with
photonic components. Figure 3-2 shows the simulation setup in Cadence environment.
A Matlab coupler is instantiated in order to represent photonic part of the system
which is modeled in Matlab. A Cadence coupler is instantiated in Matlab(Simulink)
as well for the representation of the electrical part. When simulation is launched,
Matlab and Cadence simulators communicate through the couplers and co-simulate
the system. Output of the Matlab coupler in Cadence represents the signals coming
from Matlab side whereas inputs represents the Cadence environment signals going
into Matlab environment.
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Figure 3-2: Matlab-Cadence Cosimulation Setup
3.2.1 6 ENOB Integrator Simulation Results
Output
Output of the 6 ENOB integrator can be observed in Figure 3-3. This figure
corresponds to the two cycles of operation which are 1 ns each. As seen in the
graph, two clock signals control the operation windows of the integrator. During the
charging phase, input current is integrated on the capacitance as explained in Chapter
2. Then, Clk1 is set to low and as seen from the output graph, output is affected due
to clock feed-through and charge sharing, which is the reason of the peaking of output
voltage. Then, Clk2 is set to zero, which sets the circuit into store operation phase.
As seen from the output voltage waveform, low-to-high transition of Clk2 cancels out
the feed-through and charge sharing effect of Clkl. The circuit stays in this operation
phase in order to allow detection of analog samples. Resetting is the last phase for the
front-end and it is triggered by setting both clocks high. Although clock feed-through
and charge sharing affects the nodes, feed-backs take care of initializing all the circuit
and preparing it for the next phase during the transition to reset phase. Setting Clk1
low indicates the beginning of the next sampling operation.
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Figure 3-3: 6 ENOB Integrator Waveforms
Linearity
As stated earlier, a 10MHz sinusoidal signal sampled at 1GS/s is fed to one channel
of the system. Figure 3-4 shows the output waveform of the integrator which is
sampled during the store phase of the integrator. The upper figure represents the
samples taken at 1ns intervals, and lower figure is the zoomed-in view of samples.
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Figure 3-4: 6 ENOB Integrator Samples for 10MHz Sinusoidal Signal
To have a better idea about the linearity of the output, Fourier transform of the
output waveform in Figure 3-4 is obtained. A seen from the frequency spectrum of the
waveform, the difference between first and second harmonics is 96.5 dB. So, ENOB
linearity is given by
linearity(db) - 1.76
6.02
96.5 - 1.76
6.02
= 15.8
Therefore, the linearity requirement of the 6 ENOB optical ADC system is met.
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Figure 3-5: Frequency Spectrum of 6 ENOB Integrator Output
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3.2.2 6 ENOB TIA Simulation Results
Output
Output waveform of the 6 ENOB TIA is given in Figure 3-6. This figure corre-
sponds to the two cycles of operation which are 1 ns each. As seen in the graph, this
front-end is asynchronous. When the input current pulse arrives, it is converted into
voltage by the feed-back resistor. Also, the circuit settles to the initial conditions
in 1ns interval. The peak of the differential output gives the corresponding analog
samples.
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Figure 3-6: 6 ENOB TIA Waveforms
Linearity
Again, a 10MHz sinusoidal signal sampled at 1GHz is fed to one channel of the
system. Figure 3-7 shows the output waveform of the TIA which is sampled at the
peak of the differential output with 1ns intervals.
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Figure 3-7: 6 ENOB TIA Samples for 10MHz Sinusoidal Signal
Fourier transform of the output is given in Figure 3-8. As seen from the figure,
the difference between first and other harmonics is 110.8 - 37 - 16.7 = 57.1dB which
corresponds to
ENOB linearity(db) - 1.766.02
57.1 - 1.76
6.02
- 9.2
Therefore, the linearity requirement of the 6 ENOB optical ADC system is met.
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Figure 3-8: Frequency Spectrum of 6 ENOB TIA Output
3.2.3 10 ENOB Integrator Simulation Results
Output
Output waveforms of the 10 ENOB integrator can be observed in Figure 3-9.
This figure corresponds to the two cycles of operation which are 1 ns each. Operation
principle of this circuit is as same as 6 ENOB integrator.
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Figure 3-9: 10 ENOB Integrator Waveforms
3.2.4 Dynamic Simulation and Linearity
Same 10MHz sinusoidal signal optically sampled at 1GHz is fed to one channel
of the system. Figure 3-10 shows the output waveform of the integrator which is
sampled during the store phase as the 6 ENOB integrator.
As seen from frequency spectrum of the output given in Figure 3-11, the linearity
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Figure 3-10: 10 ENOB Integrator Samples for 10MHz Sinusoidal Signal
can be calculated as:
ENOB = linearity(db) - 1.766.02
76.3 -1.76
6.02
=12.3 (3.1)
Therefore, the linearity requirement of the 10 ENOB optical ADC system is met.
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Figure 3-11: Frequency Spectrum of 10 ENOB Integrator Output
Chapter 4
Layout of The Front-End Circuits
4.1 Chip Layout
The photonic ADC is implemented in the Integrated CMOS Photonics chip. The
layout of the Integrated CMOS Photonics chip is given in Figure 4-1. In this figure,
photonic ADC is indicated by a green rectangle. As seen in the layout, photonic ADC
has its own dedicated I/O pads, which is indicated by the yellow rectangle, so that
wiring parasitics and bonding problems are avoided. The size of the electrical part
of photonic ADC layout is 200um x 3000um including pads, the total size including
photonic part is 350um x 3000um. Figure 4-2 is the die photo of the manufactured
chip. The parts are indicated with same colors as in layout.
The front-end circuit block given in Figure 4-3 is composed of nine 6-ENOB and
10-ENOB front-end circuit pairs. As seen in the figure, the pairs share the same
output driver and I/O pads in order to save from required number of pads and
area. The circuit on the top of front-end circuit is the digital back-end part which is
responsible for scan-in and configuration of front-end circuits. Two CML-to-CMOS
drivers are placed in the middle of the layout for the generation and distribution
of clocks. Since the chip is 3 mm long, clock distribution gets tougher due to skew
problems. Therefore, H-tree clock distribution network with shielded wires is applied.
Photonic parts are also integrated in the chip which includes ring filters, heaters and
photo-detectors.
Figure 4-1: Layout of the optical electrical systems chip
4.2 Bias Circuit
Figure 4-5 is the layout of bias circuit. As explained in Chapter 2, bias current is
carried over the chip instead of carrying gate voltage in order to avoid dramatic shifts
in bias conditions which may be triggered by small fluctuations in gate voltage. There-
fore, current mirrors are placed right next to reference voltage generator. Another
advantage of placing current mirrors close is to avoid performance mismatch which
is caused by the manufacturing fluctuations over the chip. Therefore, global varia-
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Figure 4-2: Die photo of the optical electrical systems chip
tions are mainly avoided. Another important practice in the layout is the utilization
of dummy transistors on the sides of active transistors. Dummy transistors prevent
the performance degradation caused by material stress on the edge of multi-finger
transistors. Therefore, device mismatch between transistor pairs and performance
fluctuations for active transistors are avoided. The large resistor in the figure is the
starter resistor which starts up the bias circuit from dead initial condition. The tran-
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Figure 4-3: Front-end circuit row
Figure 4-4: 6 ENOB - 10 ENOB front end pair
sistor on top of this resistance
The transistor on the bottom
the reference current with the
sides of the layout are current
is the sleep transistor which turns off the bias circuit.
left of start resistor is the transistor which generates
small resistor right next to it. The transistors on the
mirrors that generate the bias currents for OPAMP.
Figure 4-5: Bias circuit layout
IVY
4.3 OPAMP Layout
The following figure is the layout of the first two stages of OPAMP. As seen in the
figure, bias circuit is shared between two replica amplifier stages and placed in the
middle. OPAMP circuits are placed under the current mirror transistors in order to
make it compact, avoid global variations and have straight flow of biasing currents to
avoid high frequency effects. As seen in this figure all the pair transistors (input pair
and current mirror) are designed as diagonal pair in order to increase matching. This
structure prevents the effect of temperature gradient as well as variations. Dummy
transistors are also utilized in the OPAMP layout as explained in bias circuit layout.
The diagonal NMOS and PMOS pairs right next to bias circuit are the differential
pair transistors for the first stage. The second stage amplifier (common source) is
placed right after the first stage amplifier (differential pair). The zero introducing
resistance is placed between PMOS and NMOS transistors of the second stage whereas
compensation capacitance is at the edge of layout. The third stage, which is output
driver, is not shown in this figure as well as the other compensation capacitors.
Figure 4-6: OPAMP layout
4.4 6 ENOB Front-End Layout
Using the the first two stages of OPAMP laid out, the TIA layout is designed as
in Figure 4-7. The bottom part is the amplification stages of the OPAMP. The third
stage (output stage) is placed on the upper part of the layout. The input pair of third
stage is also laid out diagonally for better matching. The capacitors on top of the
first level compensation capacitors are the second level compensation capacitors. The
largest capacitor, which is on the left side of the layout, is the integrating capacitor
and the TIA resistor is placed above this capacitor. The transistors around the TIA
resistor are analog switches and configuration transistors.
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Figure 4-7: 6 ENOB front-end layout
75
4.5 10 ENOB Front-End Layout
For the 10 ENOB front-end, the third stage of the OPAMP is kept at the same
location as in 6 ENOB front-end layout. The integrating capacitor is replaced with a
larger one as seen on the left side of the layout in order to be able to integrate larger
input currents. The capacitor is divided into 2 parts in order to avoid DRC problems.
The switching and configuration capacitors are again placed at the same place as 6
ENOB front-end layout.
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Figure 4-8: 10 ENOB front-end layout
Chapter 5
Conclusion and Future Work
5.1 Conclusion
Photonic analog-to-digital-converters are gaining attention since the electrical ana-
log to digital converters lag behind the high speed analog-to-digital-conversion re-
quirements. Demultiplexing opportunity of ring filters and low jitter operation of
phase locked lasers provide the opportunity to convert very high speed electrical sig-
nals into digital signals by optical sampling. Although optical systems provide the
high speed sampling with low-jitter and high-linearity, the electrical circuits still con-
stitute the bottleneck in the system. In this work, electrical front-end circuits for
photo-detectors which can work up 1GS/s with 6 ENOB and 10 ENOB linearity are
designed, simulated and laid out. The integrator and TIA flavors of the circuits are
implemented in order to compare their noise, linearity and speed performance. The
front-end circuits are designed to be suitable for the off-chip back-end implementation
of the system which increases the requirements on input capacitance tolerance and
output driver strength. Since optical part is modeled in Matlab, the system is sim-
ulated by Matlab-Cadence co-simulation for the dynamic performance of front-end
circuits. Simulation results show that the circuits provide the required specifications
for the overall linearity and noise performance of the system.
5.2 Future Work
The front-end circuits designed in this work will be tested with photonic compo-
nents. The test setup will include testing the front-end circuits with vertically coupled
diodes as well as integrated photonic ADC system. The design also has stand-alone
front end circuits which allow electrical testing by applying current pulses as input.
Since the circuits are designed to be able to drive input/output pads, outputs can be
detected with an oscilloscope or electrical analog-to-digital converter.
Since the optical analog to digital converter is an emerging field, the front-end
circuits can be further improved with several design optimizations. This includes
on-chip implementation of the optical analog to digital converter which decreases
the requirements on front-end circuits due to decreased input and output parasitic
capacitance. As a result of this, the challenge of speed and linearity requirement
will decrease as well as the required power consumption. These improvements will
ultimately lead to implementation of an on-chip, multi-channel, high-resolution and
high-sampling rate optical analog to digital converter.
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